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Summary 
Differences in the properties of a material could arise from differences in its 
composition structure and size. This project aims to study and understand the 
spin dynamics and magnetic properties of an oval-shaped permalloy (Ni80Fe20) 
nanoring. 
 
First, the basic concept of Brillouin light scattering (BLS) and the theory of spin 
waves in thin film are presented. The BLS experiments are carried out with an 
argon-ion laser as the excitation light source and a (3+3)-tandem Fabry-Pérot 
interferometer to record the BLS spectra. 
 
Surface Damon and Eshbach (DE) spin waves are detected. Experimental data 
on the magnetic dependence and dispersion of the magnon frequencies obtained 
from the nanoring are then presented and analysed based on the theory of spin 
waves in thin films, which is modified to model the ring. Numerical calculations 
(simulations) were also performed and the results are compared with the 
experimental data. The comparison shows that experiments agree well with 
simulations. 
 
A modified Kalinikos and Slavin analytical theory for thin films is then used in the 
analysis of the Brillouin data. Good qualitative and fair quantitative agreement 
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between the calculated results and the experimental data is obtained despite the 
simplified analytical theory used. 
 
Chapter1 Brillouin Light Scattering 
 
Chapter 1 
Brillouin Light Scattering 
1.1 Historical Background 
 
The theoretical study of light scattering by thermal phonons was undertaken by 
Mandelstam in 1918, however, this work was published only in 1926 
(Mandelstam, 1926 1 ) which incidentally was what Léon Brillouin had 
independently predicted earlier in 1922 in his paper on light scattering from 
thermally excited acoustic waves.2  In 1930, Gross reported the experimental 
confirmation of such a prediction in liquids and crystals.3 The light scattering 
spectrum as seen by Gross is now what we termed a Brillouin spectrum. 
 
However, it was during the 1960s, with the invention of laser that led to the 
popularisation of Brillouin light scattering (BLS). Initially, BLS was often used to 
determine the elastic properties of materials. 4  Later, high contrast 
interferometers5 were designed. These new facilities led to BLS studies of small 
and opaque materials. 
 
Magnons were first observed by light scattering in 1966.6 Studies on magnetic 
surface effects and light scattering from impure magnetic systems and mixed 
crystals were carried out later on.6 
 5
Chapter1 Brillouin Light Scattering 
 
More recently, theories on the dipole-exchange spin waves (SW) excitations (or 
magnons) in, example, ferromagnetic nanowires were developed. For example, 
contributions were made by Nouri et al.7 and Arias et al.8,9 in which the latter’s 
theory was experimentally verified by Liu et al.10 
 
Presently, developments in nanotechnology lead to interest in the magnetic 
properties of nanospheres, nanodots and nanorings etc. These nanostructures 
can be engineered to display different stable states. A key issue for any device 
applications is to achieve controlled magnetization switching that is fast and 
reproducible. Nanostructural shapes such as rectangles and disk11 , 12 , 13  have 
been studied and it is found that their magnetic properties are hard to control 
because they are sensitive to edge roughness introduced during fabrication. The 
ring has been closely studied since experiments and theoretical calculations14,15 
have revealed its superior switching behaviour and its zero stray field in the 
vortex configuration also favours high density storage. In general, ferromagnetic 
nanorings, depending on their size, shape, composition, are of particular interest 
since they exhibit not just the onion (and reversed onion) and vortex states, but 
also other interesting magnetic states such as the vortex-core state.16 And with 
such a property, nanoring arrays show promise as high-density magnetic random 
access memory cells and magnetic sensing devices. 
 
The main objectives of this thesis are to elucidate the spin dynamics and the 
magnetic properties of nanosized permalloy ring by BLS and theoretical 
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simulations. We would like to investigate if the spin wave dynamics can be 
described by an approximate analytical formula. And in the process, we hope to 
show further that the observed modes in our oval ring structure can be 
interpreted in terms of a spin wave quantization of DE modes arising from lateral 
confinement 
 
The following discussion will be based on the investigations conducted on 
nanosized permalloy (Ni80Fe20) rings. First, we shall discuss the theory of BLS. 
 
1.2 Introduction to Brillouin Light Scattering 
 
Brillouin light scattering can be viewed as the inelastic scattering of an incident 
optical wave by thermally excited magnon waves in a sample. From a quantum 
mechanical point of view, we regard the scattering process as inelastic collisions 
between the photons and magnons, (similar to the analogy of inelastic collisions 
between photons and phonon 17 ) which could result in the creation and 
annihilation of a magnon of wave vector k
K
 and angular frequency ω . 
 
Suppose the incident photon has energy iΩ=  and momentum =  while that of 
the scattered photon has energy 
iq
K
sΩ=  and momentum sqK= . By conservation of 
energy and momentum, one finds that 
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s iq q k
KK = ±K= = =
s i
, (1.1) 
Ω ω= Ω ±= = = . (1.2) 
 
This is illustrated in Fig. 1.1 where the “+” indicates the annihilation of a magnon, 
giving rise to the anti-Stokes shift while the “-” sign indicates the creation of a 
magnon, resulting in a Stokes shift. 
 
Fig. 1.1. (a) Stokes event (b) anti-Stokes event 
(a) (b) 
,i iqΩ K  
,k ωK ,kK ω  
,i iqΩ K  ,s sqKΩ  ,s sqΩ K  
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Fig. 1.2. Back scattering Geometry 
 
Magnons, like phonons, have very low energies. The order of energy , for the 
magnon observed, is typically about 10 eV whereas the energy of a visible 





λΩ ≈ Ω = Ω =
2 , (1.3) 
 
where λ  is the incident light wavelength. And because of the small frequency 
shift, s i iq q q−K K K , it follows that the wavelengths of the incident and the 
scattered light differ only very slightly. Thus to a good approximation, 
s iq q n c
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nwhere  is the refractive index of the scattering medium. Referring to Fig. 1.2, 
. Then we can write the wave vector (bulk type), ks in n= n=
K
, of the magnon 
probed by the experiment as, (for 180° back scattering, it will imply i sθ θ= = ), θ
φsinb i s ik q q n q ⎛ ⎞= − = ⎜ ⎟⎝ ⎠
K K K K2
2
, (1.5) 
where φ  is the angle between sqK and iqK   
 
Similarly, for the surface type wave vector, we have, 
sins ik q




= −K K K . 
 
Eq. (1.5) is commonly known as the Bragg’s condition. It is an exact relation for 
elastic scattering and provides an excellent approximation for most of the light 
scattering experiments. As Eqs (1.3), (1.4) and (1.5) suggest, one can vary the 
magnitude of k by varying either φ  or λ . For the rest of the discussion, we shall 
fixλ , which is the excitation wavelength provided by the laser. In addition, as our 





Chapter1 Brillouin Light Scattering 
 
 
                                                 
Reference 
1  L. I. Mandelstam, Zh. Russ. Fiz. Khim. Ova., 58, 381 (1926) 
2  L. Brillouin, Ann. Phys., 17, 88 (1922) 
3  E. Gross, Nature, 126, 201 (1930) 
4  G. B. Benedek and K. Fritsch, Phys. Rev., 149, 647 (1966) 
5  J. R. Sandercock, in Second Int. Conf. on Light Scattering in Solids, ed. M. 
Balkanski (Flammarion, Paris, 1971) 
6  M. G. Cottam and D. J. Lockwood, Light Scattering in Magnetic Solids, 
(Wiley-Interscience New York 1986) 
7  M. Nouri and M. G. Cottam, J. Appl. Phys., 97, 10J112 (2005) 
8  R. Arias and D. L. Mills, Phys. Rev. B, 63, 134439 (2001) 
9  R. Arias and D. L. Mills, Phys. Rev. B, 67, 094423 (2003) 
10 H. Y. Liu, Z. K. Wang, H. S. Lim, S. C. Ng, M. H. Kuok, D. J. Lockwood, M. 
G. Cottam, K. Nielsch and U. Gösele, J. Appl. Phys., 98, 046103 (2005) 
11 J. Yu, U. Rüdiger, L. Thomas, S. S. P. Parkin and A. D. J. Kent, J. Appl. 
Phys., 85, 5501 (1999) 
12 K. J. Kirk, J. N. Chamman, S. McVitie, P. R. Aitchison and C. D. W. 
Wilkinson, Appl. Phys. Lett., 75, 3683 (1999) 
13 R. P. Cowburn, D. K. Koltsov, A. O. Adeyeye, and M. E. Welland, Phys. 
Rev. Lett., 83, 1042 (1999) 
14 S. P. Li, D. Peyrade, M. Natali, A. Lebib, and Y. Chen, Phys. Rev. Lett., 86, 
1102 (2001) 
15 J. G. Zhu, Y. Zheng and G. A. Prinz, J. Appl. Phys., 87, 6668, (2000) 
16 M. Kläui, C. A. F. Vaz, J. A. C. Bland, T. L. Monchesky, J. Unguris, E. 
Bauer, S. Cherifi, S. Heun, A. Locatelli, L. J. Heyderman and Z. Cui, Phys. 
Rev. B, 68, 134426 (2003) 
17 N. W. Ashcroft and N. D. Mermin, Solid State Physics, (Sanders College 
Publishing, Philadelphia 1976) 
 11





The main components of the experimental set-up for the BLS studies are: 
 
1. A single-mode argon-ion laser (A) 
2. The pinhole, the light modulator and the shutter (B) 
3. The Tandem Fabry-Pérot Interferometer (TFPI) with its control unit (C) 
4. A silicon avalanche diode single photon detector (D) 
5. A computer equipped with a multi-channel analyzer software GHOST v1.2 
for acquiring, saving and analyzing the accumulated signals (E) 
6. Electromagnet (F) 
 
Fig. 2.1 shows the schematic diagram of the instrumental arrangement for a 
180°-back-scattering geometry used in the experiments. Details of the TFPI are 
first presented. 
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A - Single-mode argon-ion laser 
B - Pin hole, Light modulator, Shutter 
C - Tandem Fabry Pérot Interferometer 
D - Single Photon Detector 
E - Computer (Data-acquisition system) 
F - Electromagnet  
BS - Beam Splitter 
GS - Glass Slide 
SF - Stepped Filter 
SH - Sample Holder 
M - Mirror 
L1 - Lens 1 
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Typically, the magnon’s (as well as the acoustic phonon’s) frequency observed is, 
at most, 300 GHz, which is about 10 cm-1 ( since 1 cm-1 corresponds to 
approximately 30 GHz). Compare this to that of a typical excitation frequency of 
laser light, it is 10-5 smaller. Therefore this explains the need of having a 
spectrometer which is able to offer high resolution for the data collected. 
 
As such the Tandem Fabry-Pérot Interferometer (TFPI), which gives high 
resolution and rejects stray light source, is used in BLS. 
 
2.1.1 Tandem Fabry-Pérot Interferometer (TFPI) 
 
Fig. 2.2. A (3+3)–pass Tandem Fabry Pérot Interferometer. 
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FP2 
FP1 
Direction of movement 
θ
l 2= l 1cos θ 
l1 
 
Fig. 2.3. A schematic diagram showing the tandem aspect of the TFPI. 
 
In our experiments, we use a (3+3)-pass TFPI from JRS Scientific Instruments, 
shown in Figs. 2.2 and 2.3. This (3+3)-pass TFPI addresses the following 
problems of the conventional single-pass FPI: 
 
1. The problem of non linear scan, caused by the disproportionality in scan 
voltage, is eliminated by reducing the number of piezoelectric transducers 
from three to one. 
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2. Since the piezoelectric transducers are not entirely homogeneous, the 
scanning mirror in the traditional FPI may tilt, resulting in significant loss of 
valuable signals. 
3. The mirror spacing determines the resolution of the interferometer. When 
the mirror spacing must be changed, the scanning mirror assembly must 
slide along the three rods as a whole. This results in the lost of mirror 
alignment. Moreover the handling will cause temperature change locally. 
Such mirror alignment problem makes it particularly time consuming and 
tedious. 
 
Fig. 2.4. A traditional single interferometer. 
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Fig. 2.5. An improved interferometer: instead of three scanning stack, it is reduced to one. 
 
By understanding the workings of a single FPI, one will be able to understand the 
TFPI used in the experiment. Fig. 2.5 shows the basis of the FPI which consists 
of two partially reflecting plane mirrors: the fixed mirror and the scanning mirror. 
They are mounted parallel to each other at distance l. Only light of wavelength, 
λ  which satisfies the equation, 
2 pλ=l ,  (2.1) 
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Fig. 2.6. As the spacing l varies different wavelengths are being transmitted within the 
range of λΔ  which is known as FSR. 
 
In this manner, the FPI is used as a spectrometer by varying the spacing l so as 
to scan the scattered light intensity at different wavelengths. The transmitted 
intensity depends on the quality factor, Finesse, defined as the ratio of the Free 
Spectral Range (FSR), λΔ , to the full width at half maximum (FWHM), δλ . It 
depends primarily on the mirror reflectivity and flatness. 
 
In the experiments conducted, a (3+3)-pass TFPI combined with it control unit, 
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The optical arrangement in the tandem mode is schematically shown in Fig. 2.3. 
The first interferometer is arranged to lie in the direction of the translation stage 
movement. As we can see from the Fig. 2.3, one mirror sits on the translation 
stage while the other on a separate angular device. 
 
The second interferometer lies with its axis at an angle θ to the scan direction. 
Again, one mirror is mounted on the translation stage while the other on an 
angular orientation device, which also allows a small translation of the mirror for 
adjustment purposes. A movement of the stage to the right sets the spacing to l 1 
and l 2 simultaneously thus the tandem FPI has the ability to scan synchronously. 
 
The optical system allows, on one hand, the interferometer to be used in the high 
resolution triple tandem mode. On the other hand, the system is designed with 
the minimum number of optical components to avoid excessive loss of signal. 
 
Generally, the working range of the FSR is about a few GHz to 300 GHz. It 
allows measurements with improved precision using the back scattering 
technique and the finesse, F, of the interferometer is enhanced as well. 
 
In summary, the main features of this system are: 
1. Complete dynamic synchronization over an even larger scanning range 
with the employment of two interferometers, 
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2. Good static synchronization due to the compact design that enables both 
the interferometers to share the same environment, 
3. Feedback loop using a capacitive transducer to ensure that the scan is as 
linear as possible, 
4. Reduce the dependency usage of low thermal expansion coefficient 
materials which are costly, 
5. Reducing the problem of alignment of mirrors (parallelism of the mirrors), 
6. Most importantly, it also gives a better resolution. 
 
2.1.2 Laser 
In BLS experiments, a single-mode laser is required as the excitation light source. 
In order to meet these requirements, a 20 W argon-ion laser system, SPECTRA-
PHYSICS model BeamLok 2080-15S, shown in Fig. 2.7, is used. The laser 
system consists of a BeamLok laser head and a Z-Lok package. 
 
The BeamLok laser head comprises a mechanical resonator, a plasma tube, a 
magnet and a BeamLok beam positioning module. 
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Fig. 2.7. Argon-Ion Laser 
 
Features: 
1. The excellent beam pointing characteristic is brought about by the plasma 
tube and the 3-bar temperature compensated resonator. 
2. The BeamLok is an active beam positioning system which ensures an 
output beam of optimal power and pointing stability. 
3. The BeamLok beam positioning module has a mirror actuator, a detector, 
a system electronics and a Model 2474 BeamLok remote module. When 
engaged the output beam of the laser is locked onto a fixed reference 
point beyond the cavity and should the beam moved, the output mirror will 
respond to restore the position. 
 
The model 587 Z-Lok system includes the Model 587 etalon assembly, the model 
5870 electronics module and a wavelength selective mirror. This system allows 
 21
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automated single-frequency operation with stable output power. The laser cavity 
length can be controlled, when the Z-Lok system is combined with the BeamLok, 
to ensure that the frequency and beam motion is stabilised and mode hops are 





Fig. 2.8. GMW Model 3470 eletromagnet 
 
A computer-controlled GMW Model 3470 electromagnet 3 , shown in Fig.2.8,
is used to provide a constant applied field H . The sample is mounted in 
between the 45 mm-diameter poles of the magnet. The pole gap of the 
electromagnet can be varied from 0 to 75 mm. 
app
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The magnitude of  can be varied by controlling the amount of current running 
through the coil in each arm which has a resistance of about 7.3 Ω at room 
temperature. For our experiments, a large magnetic field (therefore a large 
current) is required. In order to prevent the overheating of coils and for proper 
continuous functioning of the electromagnet, the temperature of the magnet must 
not exceed 50 °C (which corresponds to about a resistance of 8.8 Ω for the coils). 
appH
 
In each arm, a thermostat is wired in series and attached to an outer coil cooling 
plate. The cooling plate dissipates the heat generated by having a continuous 
fresh flow of cool water running through each arm. The two thermostats will 
ensure a closed circuit loop unless the temperature of either plate exceeds 50 °C. 
The DC power supply to the electromagnet is provided by the KEPCO Bipolar 
Operational Power Supply. 
 
The Magnet Control System 4  software is used to vary the magnetic field.
This is a driver written for used with LabVIEW for Windows v4.0 or later. Users 
are provided with a graphic user interface between LabVIEW and the Magnet 
Control System hardware. Thus, with a well calibrated magnetic field, a user can 
change the magnetic field accordingly by inputting the values required through a 
keyboard. 
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2.1.4 Pinhole and Light Modulator 
To know if there is optimum amount of scattered light, there is a microscope 
viewer behind the pinhole, see Fig. 2.9. From this viewer, we would know if it is 
indeed the case. Otherwise necessary adjustments of the collection optics would 
be needed as shown in the right of Fig. 2.10. 
 
Fig. 2.9. A microscope viewer 
 
 
Fig. 2.10. Two photographs showing a well-aligned signal (on the left) and not so well-
aligned signal (on the right). 
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Figure 2.11 shows the light modulator (LM) which has a double shutter system. 
Together with the TFPI in operation, their main function is to control the amount 
of elastic signal that reaches the photon detector ultimately. We have to ensure 
that the elastic signal that we capture is not too strong as the detector that we are 




















Fig. 2.11. A schematic view of the light modulator 
 
Figure 2.12a, we have the scattered signal captured by the pinhole 1 (P1). In Fig. 
2.12b, we have another signal captured by that of pinhole 2 and this signal is that 
of reference beam coming from GS, see Fig. 2.1. We shall suppose that the 
Rayleigh peak (i.e. the peak in region III, as shown in Fig. 2.12) coming from the 
scattering light is too high (bearing in mind that a single photon counter, the high 
number of photons entering the detector would damage the detector). 
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In order to avoid the problem of damaging the detector, the LM is constructed as 
such: during the scanning of the Rayleigh peak (i.e. while the two set of partially 
reflecting plane mirrors of the TFPI are of lengths that allow only the frequency of 
elastic signal to pass through), the pinhole 1 is shut, in replacement, the shutter 
of pinhole 2 is opened and this smaller intensity Rayleigh peak is used as a 
reference peak. Conversely, while scanning for the Brillouin shifts (in regions II 
and IV); pinhole 2 is shut while pinhole 1 is opened. For the same reason, the 
peaks (we call them ghost peaks) in regions I and V are scanned by opening the 





I II III IV V 
Fig. 2.12. Two spectra collected from (a) scattered signal from the sample (b) elastic signal 
from GS. 
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2.1.5 Detector SPCM-AQR-16 
The Brillouin signal is in general weak. Therefore a detector with high signal to 
noise ratio and low dark count is required. 
 
 
Fig. 2.13. Single Photon Detector 
 
The detector used here is a single photon counter. This detector can count more 
than 10 million counts per second and at the same time transform the photon 
counts into pulses. To ensure stable operation, the detector uses a 




It is only used when we need only either the horizontally or vertically polarized 
signal for the experiment. For example, to detect magnon spin waves, a polarizer 
with a p-s orientation is required. 
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Fig. 2.14. A Glan Thomson polarizer 
 
Here, the Glan Thomson calcite 20 x 20 mm2 polarizer is used. It comprises two 
prisms, forming a cube and it can be rotated about the cube’s horizontal 4-fold 
axis. It is placed between M and L2 in Fig. 2.1. 
 
2.1.7 Data-acquisition System - Ghost Software 
The Ghost software, developed by the Brillouin Light Scattering group in 
University of Perugia, Italy, is installed in the data-acquisition PC. Used in 
tandem with the computer, this software is operated by specifying the number of 
cycles we wish to scan and the accumulated spectrum is displayed on the 
computer screen along with other important parameters, such as the FSR used. 
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2.2 Optical Set-Up 
 
In all measurements, the 180°-backscattering geometry was employed. 
Reference to Fig. 2.1 of the experimental set-up shows that located in front of the 
argon-ion laser’s output aperture, is a beam splitter (BS). The BS consists of two 
prisms and it is used for splitting the laser beam into two perpendicular 
components. The undeflected component would irradiate the sample which is 
placed on the sample holder (SH) while the deflected beam is reflected by a 
glass slide (GS). The GS is used as so that only a fraction of the deflected beam 
acting as a reference beam upon reaching the light modulator LM (B). 
 
A stepped filter (SF) is used to attenuate the intensity of the light incident on the 
sample. This is done as, sometimes, too high an intensity will damage the 
sample, thus inducing an irreversible change in the properties of the sample 
investigated. 
 
In this experiment, a small circular mirror (M) of diameter 6 mm is positioned at 
45° to the incident beam. The undeflected laser beam passing through BS is 
reflected off M. The beam continues to pass through an f/2 lens, L1 (which serves 
as focusing lens at first) of focal length 6 cm and is then focused onto the sample 
at SH. The 180° backscattering geometry would also mean that L1 serves as a 
collection lens as well. The scattered light is directed towards L3 (of focal length 
30 cm) focused by it into the pinhole found in B. 
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On entering the (3+3)-Pass TFPI via the pinhole P1 (see Fig. 2.15), the scattered 
light follows the path as indicated: 
 
Upon reaching the mirror (see the red arrow), M1, it gets reflected and continues 
its way to M2 before passing through the FP1 for the first time. It continues its 
way, passing through FP2 (for the first time as well). Once the beam reaches 
PR1, most of it is reflected, the beam (see blue arrow) retraces back along the 
very same path, passing through both FP2 and FP1 for the second time. 
 
Fig. 2.15. A schematic view of the (3+3)-pass TFPI 
 
Then the beam is once again reflected at M4 (see black arrow), and thus it gets 
redirected, passing through the same optical lenses (bear in mind that it passes 
through FP1 and FP2 for the third time), and hence the name (3+3)-pass TFPI. 
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The beam finally arrives at the single-photon counter after passing through P2. 
As mentioned earlier in Section 2.1.1, the use of two interferometers allows us to 
increase the FSR. The idea of making the laser beam passing through the 
interferometers three times each is to filter away the stray frequencies which 
might pass through. (This happens as Eq. 2.1, pλ=l2  is satisfied as well for a 
certain fstray by having a suitable value for p.) 
 
It should be noted that the intensity of signal (i.e. the inelastically scattered light) 
diminishes each time it passes through an optical apparatus. So while it is good 
to have more passes, a compromise between the two should be reached. 
 
During the experiments, the spectra collected are of p-s polarization since the 
spin waves are normally observed in the p-s polarization set-up. In addition, by 
using a p-s polarization set-up, we would preclude the measurement of acoustic 
waves which normally appear in p-p polarization. A polarizer (in p-s polarization 
orientation) is inserted in between the mirror M and lens L2 (see Fig. 2.1). In Fig. 
2.16, we show typical spectra of the cases of (a) no polarizer, (b) p-p polarizer 
and (c) p-s polarizer. 
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Fig. 2.16. An example of spectra obtained from a sample with a) no polarizer, showing 
three peaks: two phonon and one magnon b) a p-p polarizer, only two phonon peaks 
appear c) a p-s polarizer, only the magnon peak appears. 
 
In the case of (a), since we have no polarizer in place, the spectrum of the 
magnetic material (it must be magnetic in order to exhibit the existence of 
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__________________________________________________Chapter 2 Instrumentation 
 33
                                                
magnons) shows three peaks on each side of the elastic peak. These three 
peaks are those appearing in spectrum (b) and spectrum (c) Using a p-p 
polarization set-up (case (b)) we see that the magnon peak disappears, leaving 
only the two acoustic phonon peaks. Similarly, we see the appearance of the 
magnon peak and disappearance of the acoustic peaks for the case of spectrum 
(c). 
 
However while not all phonon peaks are p-p polarized, they can be distinguished 
from magnon ones as only the latter will shift on application of a magnetic field. 
 
Reference 
1  J.R. Sandercock, in Second Int. Conf. on Light Scattering in Solids, ed. M. 
Balkanski (Flammarion, Paris, 1971) 
2  J.R. Sandercock, Tandem Fabry-Pérot Interferometer TFP-1 Operator Manual 
May 2001 
3  GMW, User’s Manual, model 3470, 45mm Electromagnet 1997 
4 GMW, User’s Manual, model LVMCTRL, Magnet Control System, Labview 
Driver VI.1 1997 
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Chapter 3 
Theory of Spin Waves 
3.1 Introduction to spin waves 
 
In general, waves which propagate through a medium carry energy through it. As 
in the case of an acoustic wave in phonon theory, where the wave is viewed as a 
result of the relative atomic displacements from the lattice sites, spin waves can 
be viewed in a similar fashion: It can be regarded as a form of perturbation due to 
the relative deviations of the spin orientations in a magnetic medium. 
 
Furthermore, in the quantum mechanical theory, a quantised acoustic wave is 
referred to as a phonon while in our study of spin waves; the quasi-particle is 
called a magnon, which is actually a quantized spin wave. 
 
The characteristics of the magnons in any particular material depend on the 
nature of the magnetic interactions and the type of the magnetic ordering.1 
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There are three main types of magnetic materials, viz. ferromagnetic, 
antiferromagnetic and ferrimagnetic. In this project only the ferromagnetic 
permalloy (Ni80Fe20) is dealt with, thus we are concerned only with the 
ferromagnet. For a schematic arrangement of the spin wave in the ground state 
of a ferromagnet see Fig. 3.1. 
 
 
Fig. 3.1. A schematic arrangement of the spins in a ferromagnetic material in the ground 
state 
 
In the early 1930s, Bloch introduced the concept of spin waves as the lowest-
lying excited magnetic states in a magnetic substance.2 There are many causes 
for a disorientation of the spin from its equilibrium, of which the most noteworthy 
factor is that caused by thermal excitation. Once a spin deviates from its 
equilibrium spin orientation, it turns into a source of perturbation for its 
neighbouring spins, affecting their orientations. Thus a disturbance propagates 
through the medium in the form of a wave, hence the term spin wave. 
 
Fig. 3.2. Illustration of a spin wave. Top: the spins view in perspective Bottom: the 
projected spins view from the top. Note the curve connecting the tips of the spin vectors. 
Source: Light Scattering in Magnetic Solids (Wiley-Interscience New York 1986) 
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From a quantum mechanical viewpoint, we can express the “existence” of 
magnon in a magnetic material using the Heisenberg Hamiltonian model1 (which 
actually brings about the concept of exchange interaction). Depending on the 
importance of dipole-dipole interaction and anisotropies etc., many other terms 
can be added to the Hamiltonian equation, which will provide a clearer and more 
accurate picture of the model describing the magnetic material. Nevertheless 
such additions will inevitably make the equation more complex. 
 
In order to avoid the unnecessary, time consuming complex equation, one could 
take into consideration the physical feature of the sample such as its shape and 
structure and use a model that fits as close to the sample as possible, without 
having to consider parameters which do not provide any or little changes to the 
solution obtained from the Hamiltonian equation. 
 
Before we broach the topic of spin waves in a nanoring, we shall first take a look 
at the theory of spin waves on an infinite thin film. 
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3.2 Theory of Magnon/Spin Wave1,3,4 
 
In this project, permalloy (Ni80Fe20) nanorings (and its reference film) were 
chosen for study as permalloy has a very small hysteresis and low intrinsic 
anisotropy.5,6 Moreover, as the nanoring material is amorphous, the effects of 
magnetocrystalline anisotropy need not be considered. 
3.2.1 Thin Film 
 a) Top view  b) Side view 
 
Fig. 3.3. The top and side views of the thin film 
Consider a ferromagnetic film of thickness d in the x-direction (i.e. d dx− ≤ ≤
2 2
) 
and infinite in the y- and z- directions, in a magnetic field Happ applied in the z- 





















Chapter 3 Theory of Spin Waves 
Neglecting the exchange term and anisotropy contributions (since the material 
studied is amorphous and has low anisotropies5,6 ), the equation of motion of the 







where Bgμγ ⎛ ⎞=⎜ ⎟⎝ ⎠=  is the gyromagnetic ratio. app and H M
K K





M i me ω−= +K K , (3.2) 
app 0
i t
zH H i he
ω−= + KK K , (3.3) 
with  being small perturbations and  and m h
KK
0M  and  the saturation 
magnetisation and static field respectively. Substituting Eqs. (3.2) and (3.3) into 
Eq (3.1) and neglecting terms that are of second order in m
0H
K , we obtain 
0 0zi M h H mω γi m ⎡ ⎤− = × −
KK
⎣ ⎦K K . (3.4a) 







⎛ ⎞ ⎛ ⎞⎛ ⎞=⎜ ⎟ ⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠ ⎝ ⎠
π4 , (3.4b) 
where 2 2
H
ν Ω= Ω −Ω , 2 2
H
H




H MπΩ = 4 and . MπγΩ = 4
app 0H
0
3.2.1.1 Magnetostatic Region 
The Maxwell magnetostatic equations are: 
 
∇× = KK , (3.5) 
app( ) 0H MπK∇ + =Ki 4 , (3.6) 
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Noting that the static terms in (3.2) and (3.3) vanish under the divergence and 
curl operations we can re-write them as: 
0h∇× =K K , (3.7) 
( ) 0h mπK∇ + =Ki 4 , (3.8) 
The boundary conditions at dx and dx =
2
 are = −
2
i. the tangential components, yh and zh of the magnetic field must be 
continuous across the boundary, 
ii. the normal component of the magnetic flux density ( + x xm hπ4 ) inside the 
ferromagnetic film matches xh  outside. 
Furthermore, we can re-write Eq. (3.7) in terms of a scalar potential, ( )rϕ K as 
h ϕ= ∇K
( ) ( , ) ik rm r m k x e= & &
. 
 






K : and a similar expression may be written for ϕ
( ) ( ) ik rr x eϕ ϕ= & &KK Ki , (3.9b) 
where . Eq. (3.9b) represents a planar wave in the yz 
plane with no boundary condition imposed. What remains is the problem of 
finding the form of
( ,y zk k&
K
)  r ( , )andk y z= =&K
( )xϕ . 
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From Eqs. (3.4b) and (3.9b), we get, for inside the ferromagnetic film, after 
simplification: 
( ) ( ) 0
y z





κ ⎛ ⎞∂+ −⎢ ⎜ ⎟∂⎝ ⎠
2
21 , (3.10a) 
where the superscript (  indicates the region inside the film. 
K
Similarly outside the film where =K , we have: 
( ) 0ek
x






where the superscript (  indicates the region outside the film. 
Since acceptable solutions are exponential or sinusoidal functions, within the 
ferromagnetic film, we take 





ik may be real or imaginary. where 
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±∞ , ( )( )exwhere )e xxk  is a positive real number (so that at ϕ  tends to zero). =
Substituting (3.11) into (3.10), we get 





d dk k k x
dk k k x
κ⎧ + + + = − < <⎪⎪⎨⎪ = + = ±⎪⎩
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)iϕ and ( )eϕ into the boundary condition (ii) and substituting 
( ) ( ) ( ) ( ) ( )











k d k dc f c f dk c k c k
k d k dc f c f dk f k f k
κ ν ν
κ ν ν
⎡ ⎤⎛ ⎞ ⎛ ⎞− ++ − − = − = +⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞ ⎛ ⎞− ++ + − = = −⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 , for ,
2 2 2 2 2
 , for .










By rearranging each of the equations in Eq. (3.14) with c
f
 as the subject and  
then equating them, we get  
 




The three relations in Eqs (3.12) and (3.15) have five variables, viz, 
) ( ) (, , ,  and i ex x y zk k k k ),ω κ ν . Thus two of the variables may be eliminated and we 
can find the allowed modes on the surfaces of the 3-dimensional space 
represented by the remaining variables. An outline of the procedure is presented 
below. Details of the procedure are given in Ref. 4. 
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In 1961, Damon and Eshbach4 showed that all the components of the 
wavevectors within the ferromagnetic film is real when κ = -1
B
 in Eq. (3.12a) and 
the frequency, ω  obtained from it corresponds to the film’s volume (bulk)  wave 





κ Ω = −Ω −Ω2 2 2
( )
, =
which gives  
0 0 0H H MπBω γ ⎡ ⎤+= ⎣ ⎦
1
24 . (3.16) 
( )Eq. (3.12a) is also satisfied when ix yk k= −2 2  (or ( )ix ykk i= ± ). 
( )iBy substituting (3.12b) and x yk ik± , Eq (3.15) becomes =
( ) ( ) ( ) 0κ κ ν+ − =2 2coth 1yk d+ + +1 2 1 , 
which gives the frequency, sω  of the surface wave mode of the film, 
( ) ( )0 0 0 0( )s H H M M eω γ π π= + + 2 -24 2 1 k d⎡ ⎤−⎣ ⎦&
1
2 . (3.17) 
 
(Such a surface wave will be attenuated (since ( ) )ix yik= ±k is imaginary) if it 
propagates deeper into the sample, along the x-direction (since xk is in the wave 
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By expanding the terms in Eq. (3.17), one gets 
0 0 0 0s H M H M k d Mω γ π π π≈ + + − &&2 2 24 8 4 0 k d⎡ ⎤⎣ ⎦
1
2 2 2 2 2
)
, 
which could be re-written as  







In order to approximately account for the exchange effect, one could add an 
exchange constant term  (where D is the exchange constant which is related 




= 2 ) to each of the terms in the 
bracket, i.e. 0 0 0 0 0s




ω γ π π⎡ ⎤⎛ ⎞⎛ ⎞≈ + + + +⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
1
22 22 4 2 Mπ−& & . A 
detailed derivation is given in Ref. 7. 
 
Thus the frequency of the surface spin wave mode, also known as the Damon 
and Eshbach (DE) mode, with exchange-dipolar interactions taken into account 
can be expressed as: 
( ) ( )( )
0









2 2 2 2 -2= .  (3.18) 
 
Eq. (3.17) however does not reveal anything about the non-reciprocal property of 
the surface wave, which is an important property in explaining the asymmetricity 
in intensity for certain pairs of DE mode observed in BLS. By saying that a 
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surface wave has such a property, we mean that on the same surface, if we have 
a surface wave propagating in the k&
K
 direction, its reciprocal, k− &
K
( ) ( )S Skω ω≠ −&K K
 will not appear 
on the same surface. 
 
For a very thick film, where the semi-infinite approximation is used, only Stokes 
or anti-Stokes peaks due to DE surface modes will appear in the Brillouin 
spectrum, i.e. .k&
3 However for a very thin film, even with the non-
reciprocal property, both Stokes and anti-Stokes peaks will appear, producing a 
symmetrical spectrum where ( ) ( )S Sk kω ω= −& &K K . Each Stokes peak and its 
corresponding anti-Stokes one arise from scattering from the different surfaces of 
the film. For instance, if the Stokes peak arises from light scattering from the top 
surface of the thin film, then the anti-Stokes peak results from scattering from the 
bottom surface of the film. However the peak intensity resulting from the bottom 
surface will be weaker than that of its counterpart since it undergoes attenuation 
as it propagates through the film. 
 
A mathematical treatment of the non-reciprocal property is presented in 
Appendix A. 
 
Analysis of the Brillouin data on the DE modes of the permalloy nanorings 
requires the values of the magnetic parameters, (i.e. γ , the gyromagnetic ratio, 
0M , saturation magnetization and A , the exchange stiffness parameter) of 
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permalloy. Such information could be obtained from a Brillouin study of the DE 
and bulk (otherwise known as perpendicular standing spin wave, PSSW) SW 
mode. Details of the derivation of PSSW are presented in Appendix B while 
details on the determination of the magnetic parameters of permalloy are 
presented in Appendix C. 
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3.2.2 Thin Nanoring 
For the analysis of the nanoring in our project, its planar dimension is at least 35 
times its thickness. (See Fig. 3.4 for detailed dimensions of the ring.) With such 
an aspect ratio ( ≤thickness 1
width 35
), we can consider the ring to be a “thin (i.e. 2-D) 
film” with a small hole in the center. Other than having a hole, this “thin film” is 
different from the thin film discussed in Section 3.2.1, as the latter is infinite in its 
planar dimension while that of the former is bounded, creating a definite shape. 
As such, shape anisotropy is present in this “thin film” (or nanoring). 
Thickness: 20 nm
Length : 950 nm 
a) Top View 




Length : 950 nm 
Width: 710 nm 
 
 
b) Side view 
 
Figure 1.4. A schematic drawing of the nanoring studied. 
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Obtaining an exact analytical formula for the frequency of the DE mode of ths 
“thin film” is difficult due to its geometry. However, by considering the analytical 
formulation for the frequency of the DE mode of a thin film and by taking the 
shape anisotropy of the nanoring into account, an approximate formulation for 
the nanoring is obtained. 
 
In the experiments, the orientation of the nanoring with respect to the magnetic 
field and incident laser light is the same as that for the thin film. As such, the 
equations and formulae discussed in the previous section are applicable to the 
nanoring. 
 
Because of its finite size, the shape anisotropy of the nanoring would be present. 
This anisotropy would imply the existence of a demagnetizing field, 
for each spin. As such the applied magnetic field  is no longer 
the sole magnetic field present, and the overall effective magnetic field felt by 
each spin would be the resultant of these two: 
( )demag , ,i i iH x y zK 0HK
( ) ( ) ( ), ,i i iy zeff , ,i i iH x y z 0 demag, ,i i iH x y z H x= −K K K . This is based on the assumption 
that the ring is isolated. 
 
Owing to its shape, curvature etc. of each nanoring, the demagnetizing field 
experienced by each spin is expected to be different at different locations. 
However for simplicity, we shall consider a global averaged demagH
K
 value rather 
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than to assign a local ( )demagH xK , ,i i iy z  to each spin. This is because, from the 
magnetization point of view, at high fields, most of the spins are aligned along the 
applied magnetic field direction and thus the majority of them will experience 
more or less the same demagnetizing field, while only those spins at the edge 
(which are the minority) would be different. 
 
Such approximation would be especially useful in calculating the value of the 
demagnetization field numerically as it allows us to arrive at an answer close to 
the exact value quickly without wasting too much time in getting an exact one 
which would require more computation power. In order to obtain a global 
averaged demagH
K
, OOMMF8 (see the following section for more details about it) is 
used. 
 





0 0 demag 0
0
0 0 demag 0
0
                                   
s
Ak M H H M k d
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We shall deal only with surface modes, as in the experiments carried out, (see 
Chapter 4) only these modes are observed. 
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3.3 Introduction to Object Orientated MicroMagnetic Framework 
(OOMMF8) project 
 
The OOMMF program was developed by the National Institute of Standards and 
Technology (NIST). Written in C++ and Tcl/Tk, it is designed to be flexible and 
extensible with a proper graphical user interface. The OOMMF simulation, which 
is based on the finite element method, provides useful information such as 
magnetization distribution. 
 
In principle, for any magnetic structure, regardless of its shape and size, one can 
discretize the structure into an entity of cells where each cell will have uniform 
magnetic properties. With an appropriate choice of cell size, each cell can 
represent a single magnetization spin. To incorporate this approach of 
discretizing into the program, an image of the structure would have to be created, 
where upon the specification of a cell size, a 2-D or 3-D network of grids is 
created. In the simulation, each grid coordinate represents a cell. The actual size 
of the grid would have to be an exact multiple of the cell size. 
 









K K K K K K
, (3.20) 
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where  is the effective fieldeffH
K 11 felt by the cells, γ  the gyromagnetic ratio, α  
the damping coefficient and 0M
K
 the magnetization saturation of the cells. The 
last three constants depend on the ferromagnetic material used. The first term on 
the right hand side of the equation is the precessing term which would cause M
K
 
to rotate about  maintaining a fixed angle between them. The other term on 
the right hand side represents the dissipative process which makes the spin 








EH H H∂= − = + +∂








Here E is the total free energy, H
K
 the applied magnetic field, H  the 




ext exch ani demagE E E E E= + + +
 
The equilibrium magnetization configuration is achieved when the corresponding 
total free energy E of the magnetic system reaches a minimum for an applied 
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where  is the energy due to the interaction between the magnetic moment 




E M H d
 
τ= − ⋅∫ K K , (3.23) 
 
where V is the volume occupied by the magnetic structure and dτ  the volume 
element. is the energy, due to quantum-mechanical exchange effect 
between nearest neighbors, which is calculated using an eight-neighbor bilinear 
interpolation
exchE










where  , ,x y zM M M  are the respective x, y, z components of M
K
, and ⋅& &  
represents the Euclidean norm of a 2-D vector. , the energy due to crystalline 















where is the anisotropy constant. E , the demagnetizing energy arising 
from the interactions of magnetic moments is given by 
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The  is calculated from the convolution of the magnetization involving cell 
to cell magnetostatic interactions. The convolution is evaluated using fast Fourier 




Although  comprises several terms, not all of them need to be considered. 
The component H  (which is associated to E ) is neglected since the 
nanorings studied are considered to be isolated. Also neglected is H  (which is 
associated to ) since the nanoring material is amorphous permalloy. 





, the external applied magnetic field and 
 the demagnetizing field which mainly arises as a consequence of the finite 




Using the OOMMF 2-D package, one can simulate the magnetization 
distributions in magnetic structures and calculate the spin wave frequency for a 
given applied magnetic field. Quantities such as the exchange, demagnetization, 
Zeeman and total energies for a stable magnetization state in a given magnetic 
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Chapter 4 
Spin dynamics of oval-shaped nanorings 
4.1 Introduction 
 
Recent advances in fabrication techniques have led to the fabrication of a variety 
of patterned nanostructures, such as arrays of dots, rings, wires and stripes. Not 
only can they be produced over a large patterned area, with precision in control 
over the nanostructures’ sizes and thickness, they are also of high quality in 
terms of their regularity in patterning. Extensive investigations have been carried 
out on them due to their potential applications in nano magnetic devices such as 
magnetic memory and sensing devices.1,2,3,4,5,6,7 The idea of having an ever 
smaller storage device, capable of storing an ever increasing quantity of data, 
has led to the studies of using these nanostructures as high density storage 
devices. Nanorings show particular promise as such devices because they 
possess the existence of vortex or flux closed states in which the magnetization 
is circularly orientated and for which their stray magnetic fields are zero8,9. Such 
a condition is highly desirable as cross-talk between neighboring nanomagnets in 
an array is minimized. 
 
However, the main problem associated with a symmetrical ring is the difficulty in 
pinning the magnetic domain wall in certain places without which, both magnetic 
 55
Chapter 4 Spin dynamics of oval-shaped nanorings  
“poles” of the onion state will rotate simultaneously and the reversed onion state 
is reached without the intermediate vortex state. To ensure pinning of domain 
walls, the introduction of asymmetricity is necessary. One such way would be to 
make the ring elongated as shown in Fig. 4.1. 
 
Much research has been done on the static properties of nanostructures of 
different shapes. For example, in the area of submicron- and nano- sized rings, 
studies have been carried out using the magneto-optical Kerr effect,8, 10  
anisotropic magnetoresistance techniques11 etc. 
 
To study these nanostructures’ dynamic properties, such as the normal 
quantized modes of the spin excitations in these samples, numerical methods 
have been proposed 12  and nanomagnets of simple shapes like square and 
rectangle were studied.13,14 Demagnetization effects at their edges are different 
from those in their interior “bulk” volume. For any big-sized structure, effects of 
such inhomogeneity in demagnetizations are hardly noticeable since the 
dominant spin wave (SW) modes come from the majority of the spins in the 
“bulk” region where the demagnetization effect felt by each spin is approximately 
the same. The detection of any slight changes in the behavior of spin waves 
arising from spins along the “edge” region is hard since they are the insignificant 
in numbers compared to those from the “bulk”. However as the structure is 
reduced to the nanoscale, such inhomogeneity at the edges can significantly 
affect the overall behavior of the SW modes. 
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Bayer et al.14 have shown that the surface SW modes in a rectangular element 
can be treated as products of one-dimensional SW eigenmodes of longitudinal 
and transverse SWs along the finite width stripes. The magnetic shape, being 
rectangle, is regular and of high symmetry, thus bringing about a rather easy to 
deduce in-plane quantized wavevector, k . However for our oval-shaped ring 





Furthermore, there has been no conclusion made on whether the modified 
analytical formula of Kalinikos and Slavin, with finite size demagnetization 
accounted for, is applicable for a more complicated magnetic structure over a 
wide range of applied magnetic field. The magnetic structure that we shall study 
in this thesis is a finite size nanoring. Not only does confinement take place in 
both the planar coordinates, its oval-shaped hole and its outer curved corners 
complicate matters further. Such design would render a rather hard-to-determine 
, unlike the rectangle sample studied by Bayer et al..14 
 
The main objectives of this thesis are to elucidate the spin dynamics and the 
magnetic properties of a nanosized permalloy oval-shaped ring by BLS and 
theoretical simulations. We would like to investigate if the spin wave dynamics 
can be described by an approximate analytical formula. And in the process, we 
hope to show further that the observed modes in our oval ring structure can be 
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interpreted in terms of a quantization of DE modes arising from lateral 
confinement. 
 
4.2 Sample Information  
 
In this project, an amorphous permalloy (Py) Ni80Fe20 film, of the same thickness 
of the nanoring, is first studied to determine the important parameters (γ , the 
gyromagnetic ratio, 0M , saturation magnetization and A , the exchange stiffness 
parameter). The material permalloy was chosen as it has very favorable 
magnetic properties such as high magnetic susceptibility, very small hysteresis 
and low intrinsic anisotropy15, thus making analysis easier since the effects of 
magnetocrystalline anisotropy need not be considered. The values were found to 
be: γ =185.2 GHz/ = × -12  10 J/mT , and  and were 
obtained from a reference thin Ni80Fe20 film. Details of the evaluation of the 
parameters for the thin film are given in Appendix C. Based on these 
parameters, the data on permalloy Ni80Fe20 nanoring were then analysed. 
0M = × 3786.7  10 A/m A 6.614
 
The Ni80Fe20 ring arrays were provided by Associate Professor Adekunle 
Adeyeye of the Department of Electrical and Computer Engineering, NUS. They 
were fabricated15 using deep ultraviolet lithography at 248 nm exposure 
wavelength on commercially available Si substrate. To create patterns in resist, 
the substrate was coated with a 60 nm thick anti-reflective layer followed by 480 
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nm positive deep ultraviolet (DUV) photoresist. A Nikon lithographic scanner with 
KrF excimer laser radiation was used for exposing the resist. This was followed 
by the deposition of 20 nm thick Ni80Fe20 using electron beam deposition at a 












Fig. 4.1. SEM picture of the nanoring. Dimensions: about 950 nm by 710 nm (outer) and 
300 nm by 130 nm (inner). Thickness of each ring is about 20 nm. 
 
After deposition, liftoff was achieved by soaking the patterned film in OK73 
thinner. Lift-off was determined by the color change of the patterned film and 
confirmed by examination under a scanning electron microscope (SEM). 
Scanning electron micrographs of arrays of elongated Ni80Fe20 rings shown in Fig. 
4.1 reveal that the rings are uniformly distributed. The long axis length (outer) of 
each ring is 950 nm, while the short axis length (outer) is about 710 nm. The 
width of the ring along the long axis is 325 nm, while the width along the short 
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axis is roughly 290 nm. The edge-to-edge spacing s was chosen to be 300 nm for 
the ring array. The thickness of each ring is 20 nm. 
 
In addition, another similar array of Ni80Fe20 rings was fabricated, with all its 
dimensions unchanged as before except s 50 nm , for a comparison study. =
 
4.3 Simulation Details 
4.3.1 Introduction  
In order to quantitatively analyze the experimental data, micromagnetic 
simulations were performed. OOMMF was employed for this purpose. Given its 
aspect ratio and size (see Section 3.2.2), we can treat each nanoring in an array 
as a 2-D object. In fact, the simulations were first carried out by treating the ring 
as a 3-D object. However, for the 3-D case, a large number of discretized cells 
were needed which in turn would require a huge amount of memory, data 
storage and computational time (see Section 4.2.3 on the problems encountered). 
Thus 2-D simulations were carried out in this project. 
 
4.3.2 Micromagnetic Simulations on Ni80Fe20 Nanorings 
MThe time evolution of the magnetization 
K
of a magnetic system can be obtained 









γα+ × ×K K K K , 
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where  is the effective fieldeffH
K 16 and α  the damping coefficient. 
 
The equilibrium magnetization configuration, corresponding to an energy 
minimum for each applied field, was determined, using the OOMMF 2-D 
software17. During the simulations, several technical problems were encountered. 
As described below, the following problems faced will explain why certain steps 
were taken to avoid these situations. 
 
1) 2-D or 3-D simulations: 
For a 2-D simulation, to generate the required data for a particular applied 
magnetic field, it would require about 25 GB, while that of the 3-D would 
require about 70 GB.  
2) Discretisation cell size: 
By using a cell size of 5 , about three weeks’ computation time is 
required to obtain the data for a particular applied magnetic field whereas 







Given the limitations in our computing facilities (the workstations available), time 
constraint and that the simulation results obtained from both discretized cell sizes 
are the same, a 2-D simulation of discretised cell size of 1 is used. 
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It is noteworthy that similar simulations for permalloy structures, other 
groups 18 , 19 , 20  have used  cell size (or even larger) and their 
experimental and simulation results agreed well too. 
210×10 nm
 
Since the permalloy rings were amorphous, the magnetocrystalline anisotropy 
constant was set to zero. In the 2-D computations, α   was set to 0.5, as with this 
value, the equilibrium magnetization state could be obtained in a reasonable time. 
Smaller values had also been tried but all led to the same equilibrium state. A 
magnetic field was applied along the easy axis of the ring until an equilibrium 
magnetic state was reached. The equilibrium structure was then used as input in 
the subsequent calculation in which α  was set to a value close to zero. 
 
A perturbation, by means of a very small magnetic field along the normal of the 
planar axes, was applied. Next, in order to get its response after the perturbation 
(i.e. the state of magnetization of each cell and its evolution over a certain 
duration in the sample after the perturbation), the image of the sample’s state of 
magnetization was captured (see Fig. 4.2) and recorded for 10 ns. This time 
period was chosen arbitrarily but in order to get a resolution of 0. , the time 
evolution of the magnetization should be monitored for a minimum of 10 . It 




Chapter 4 Spin dynamics of oval-shaped nanorings  
 
Fig. 4.2. An example of the magnetisation image captured of the ring using cell 
size . This was taken for a 1 T magnetic field applied along the nanoring’s easy 
axis (i.e. along its length) during a certain time. Note: the number of arrows does not 
represent the number of cells, each arrow represents the spin orientation of a certain 
number of cells (spins). This image was written in binary code (in program OOMMF) and 
further conversion to dat format was needed to get its numerical information on the 
individual cell’s state of magnetization. The time evolution of each cell was then added up 




A time step of 5  was chosen for the simulations so as not to exhaust the 




















Fig. 4.3. A computed power spectrum of all the cells combined at applied field of 0.5 T. 
 
From the image shot, numerical information on the state of magnetization of each 
cell could be obtained. The power spectrum from each cell was obtained by 
performing a Fourier analysis of the component of the magnetization 
perpendicular to the ring surface. These spectra (collected over the stipulated 
time period) were then combined to give an overall spectrum. A typical power 
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Fig. 4.4. An example of a Fourier 2-D transformation generated for a particular applied 
magnetic field 0H , for a frequency of 21.2 GHz. 
 
From the simulated data collected, the mode profile for the frequencies observed 
at a particular 0H  can be constructed. By performing a Fourier analysis of the 
mode profile, the dominant  wavevector can be identified, as in Fig. 4.4. k&
Intensity (arb. units) 
ky : 0 cm-1 
kz : 0 cm-1 
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4.4 Experimental Details 
 
Brillouin measurements were performed at room temperature in the 180o-
backscattering geometry using a (3+3)-pass tandem Fabry-Pérot interferometer 
equipped with a silicon avalanche diode detector, and 100 mW of the 514.5 nm 
line of an argon-ion laser for excitation. A continuous stream of pure argon gas 
was directed at the irradiated spot on the sample surface to cool it and to keep 
air away from it. In the scattering configurations employed, the long axis (its 
length) of the nanorings were aligned parallel (i.e. along the z-axis) to the applied 
static magnetic field Happ (also denoted by H0) as shown in Fig. 4.5, which was 
generated by a computer-controlled electromagnet. Prior to the start of the 
measurements, the sample was saturated in a 1.0 T field directed parallel to the 
long axis of the rings. Spectra were recorded in p-s polarization with an average 
scanning duration of 15 hours. (Refer to Fig. 2.1 in Chapter 2 for a complete 
scheme of the set up,). 
 
 
Fig. 4.5. Scattering geometry 
z 
Happ field along 
the -z direction 
Scattered 
light 







Array of nanorings  
y 
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Reference to Fig. 4.5 shows that the scattering plane is the xy-plane while the 
magnetic field is applied in the negative z-direction, parallel to the yz-plane of the 
array of nanorings. In this scattering geometry, the k  component of the surface 





was avoided, since it would mean k 0 z (and coupled with the fact that k= = 0) 
which would mean the non detection of surface spin waves altogether. 
 
Two different sets of experiments were performed. In the first set of experiments, 
we fixed the value of ( 0k ≠&K
θ = 0 0.9H
) . This was achieved by fixing the incident angle 
 while  varies between0.05045 0H ≤ ≤  TT . This experiment is known as 
the -dependence experiment. In the other set of experiments, spectra were 
recorded over a range of 
0H
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4.5 Experimental and Simulation Results and Discussions 
4.5.1 Effect of spacing s 










F r e q u e n c y  (G H z )
 
 
Fig. 4.6. Brillouin spectrum of a Ni80Fe20 nanorings in a 0.3 T magnetic field applied along 
the -z axis. Experimental data are denoted by dots (TOP) while fitted peaks (Lorentzian 
functions) are shown as colored dashed lines (BOTTOM). 
 
Two separate sets of Brillouin measurements were performed on the two 
samples of Ni80Fe20 nanoring arrays with spacings s = 50 nm s = 300 nm
H< <app T 0.9 T
 and . 
The measurements were done as described in Section 4.3. For each sample, 
spectra were obtained at different magnetic fields in the 0.05  
range, starting from . H =app 0.9 T
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Fig. 4.7. Spin wave frequency as a function of applied magnetic field. Solid symbols (B to 
E) refer to the modes observed for the s = 50 nm array while the hollow symbols (G to K) 
with “x” are modes for the s = 300 nm array. Within experimental error limit, both samples 
gave the same results. 
 
Spectral fitting was carried out. The peaks of both sets of spectra were fitted 
using the Lorentzian function. The fittings revealed that, for each sample, up to 
five SW modes were observed, see Fig. 4.6. As to the nature of the modes, it 
shall be discussed in detail in the later sections. In Fig. 4.7, the magnetic 
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dependence of the mode frequencies in both samples are shown together for 
comparison. Reference to the figure shows that both samples gave the same 
results, within experimental errors. This indicates that the ring elements in the 
 array are too far apart for inter-ring interactions to be significant, and 
the measured data can therefore be interpreted in terms of a single isolated 
nanoring.  
s = 300 nm
 
Having shown that each ring in the s = 300 nm array is sufficiently far apart from 
its neighbours that it can be considered to be magnetically isolated, we shall now 
proceed to analyse this sample. 
4.5.2 Further results obtained from Ni80Fe20 ring with  300 nm=s
The experimental data, shown in Fig. 4.8, reveal that the frequencies are strongly 
dependent on the applied field. In a typical Brillouin spectrum, as shown in Fig. 
4.9, the pair of asymmetrical peaks of the anti-Stokes and Stokes obtained 
shows that surface DE modes are observed. As for the bulk wave modes which 
are associated with the thickness of the film, the signal is too weak (even after 15 
hours of BLS scanning) for any meaningful analysis to be made. Therefore only 
the DE modes will be analyzed and discussed. 
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5 1 0 1 5 2 00 . 0 5  T 
0 . 1 5  T
0 . 1  T
 
 
0 . 2  T 
 
0 . 2 5  T
 
 
F r e q u e n c y  ( G H z )
 
Fig. 4.8. A series of Brillouin spectra of s = 300 nm array of Ni80Fe20 nanorings taken at 
various applied magnetic fields. The dotted curves at the bottom represent the fit of the 
peaks with Lorentzian functions for the  spectrum. 0.05 T













p e a k  o f  D E  m o d e  
 
 F r e q u e n c y  ( G H z )
 
 
Fig. 4.9. Two spectra obtained by applying a magnetic field of H . The 
asymmetrical spectrum in upper panel is obtained from the unpatterned thin film while the 
lower panel from the s = 300 nm ring array. Both show the existence of surface (DE) modes. 
app 0.25 T =
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Fig. 4.10. Magnetic field dependence of frequencies of spin waves in permalloy s = 300 nm 
nanoring array. Measured frequencies are represented as solid symbols while the 
calculated (micromagnetic simulations). ones as hollow symbols  
 
As mentioned in Section 4.5.1, the measured data for the nanoring array can be 
considered as those for a single isolated nanoring. For the analysis of the 
nanoring in our project, given that its planar dimension is at least 35 times its 
thickness (i.e. ≤thickness 1
width 35
), we can consider the ring to be a bounded “thin film” 
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with a hole in the center. As such, shape anisotropy is present in this “thin film” 
(or nanoring). 
 
The Brillouin data were analyzed based on the spin wave theory on thin films21 
formulated by Kalinikos and Slavin, with both dipole-dipole and exchange 
interactions taken into account. The frequency of the DE (surface) mode of the 
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 the in-plane SW 
wavevector, the effective width of the nanostructure modeled as a thin film, 
 the applied magnetic field and H  the in-plane demagnetizing field. The 




Some of the results of the Fourier 2-D transformation are shown in the next few 
pages. For each frequency, Fourier transformation is performed. The peak, with 
the highest intensity, is selected. This peak indicates its corresponding dominant 
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k&
&
0H ? 0.9 T
 value for that particular frequency. The values of the frequencies’ 
corresponding  obtained are shown in the following figures.  k
 
 
ky : 264600 cm-1
kz : 0 cm-1 
Intensity (arb. units) 
Fig. 4.11a. A Fourier 2-D transformation generated for an applied magnetic field , 
for a frequency of 40.4 GHz. Here the peak of the wavevector ( )y zk= +& 2 2



















k k , where 
, is selected. 
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ky : 132300 cm-1
kz : 0 cm-1 
Intensity (arb. units) 
Fig. 4.11b. A Fourier 2-D transformation generated for an applied magnetic field  
, for a frequency of 17.7 GHz. Here the peak of the wavevector  0H ? 0.2 T ( )y zk= +& 2 2k k , 

















× 108 cm-1 
ky 
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Fig. 4.12. Dispersion of spin wave modes in the nanoring in a constant 0.2 T applied field. 
Experimental data are denoted by symbols. The solid lines represent the best fit of the 




π⎛ ⎞⎜ ⎟⎝ ⎠
n
&
= ; =  
effw
k w  
values , with n indicated alongside each line.  
 
To identify the nature of the observed modes, the dispersion of the modes was 
measured by varying the angle of light incidence. The results (solid symbols) are 
presented in Fig. 4.12. In the dispersion plot (Fig. 4.12), the data points were 
obtained from the BLS spectra angle dependence experiment with a magnetic 
field of 0.2 T (2000 Oe). The dispersionless behavior indicates that the spin 
waves have standing wave character. By treating  as a fitting parameter, the 
observed spin wave modes were then fitted to Eq. (4.1). The results are 
represented as solid horizontal lines in Fig. 4.12. Despite the simplifying 
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assumptions and the low symmetry of the in-plane magnetized ring, the good 
agreement between theory and experiment strongly suggests that the observed 
modes are essentially the quantized DE modes arising from lateral confinement. 
The best fit yielded . effw = 440 nm
&
 k =& 142800
demagH
0H = 0.05 
 
The fitted values of k  in Fig. 4.12 are in good agreement with those k  obtained 
from the Fourier 2-D transformation. For example, for the third lower-energy 
mode, our fitted  while the simulated (see Fig. 4.11b) 
(see Fig. 4.12 green line). Using the analytical formula (Eq. 4.1), 
it shows that they actually only differ by 0.2 GHz. Similar agreement was also 








 =132300 c -1m
 
From the field dependence data, shown in Fig. 4.12, the analytical curves (solid 
lines) are plotted for a constant demagnetizing field, . Instead of a constant 
, one could also further “fine tune” the formula, Eq. 4.1, by making the 
demagnetizing field,  a variable, which varies with H  (see Fig. 4.13 
magnified portion). However, it is found that such an approach does not 
significantly change the final results. For instance, the largest calculated 
difference in the lowest mode frequencies resulting from the two approaches is 
about 0.6 GHz for (see black line and dots in Fig. 4.13). As 
increases, the difference between the two analytical curves decreases. Fig. 
T
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Fig. 4.13. Calculated dependences of SW frequencies on applied magnetic field. The set of 
dotted lines are for a varying demagnetizing field, while the solid lines are for a constant 
demagnetizing field. The different colors represent data for the respective modes. For 
each mode, the difference between the frequency for a variable demagnetizing field and 
that for constant demagnetizing field is very small. 
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In Fig. 4.14, we present the measured Brillouin peak frequencies as a function of 
applied field. The observed field-dependence of the Brillouin peaks clearly 
indicates that they arise from magnetic excitations. Figure 4.14 shows that there 
is good agreement between experiment and analytical theory (Eq. 4.1), 
particularly for higher-order SW modes. For the two lowest frequency modes, 
however, good agreement is obtained only for H . The inhomogeneity of 
the internal fields, especially at low applied field, appears to affect these lowest 
modes more significantly than the higher frequency ones.  
≥ 0.2 T
 
The discrepancy, shown in Fig. 4.14 is partly due to the approximate analytical 
formula used. Another plausible reason is this: For the analytical magnetic 
dependence of the mode frequencies calculated, the higher-energy SWs’ 
wavelengths are smaller compared to those of lower-energy SWs. Relatively 
speaking, the effect of a thin film case would be “felt” more strongly by these 
shorter wavelengths than those of longer wavelengths. Thus we see that it is 
more appropriate to use the modified thin film expression for spin waves of 
higher  than that of the lower ones. However, more studies are needed to 





We would like to stress that the k obtained here is an effective k  due to the 
ring’s shape (its rounded corner in the elongated, outer ring and its oval-shaped 
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Applied Magnetic Field (T)
Fig. 4.14. Magnetic filed dependence of SW frequencies calculated using analytical 
formula Eq. 4.1 for constant H demag. The experimental data are denoted by dots, while the 
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Chapter 5 Conclusion and Further Studies 
Chapter 5  
Conclusion and Further Studies 
5.1 Conclusion 
 
In summary, Brillouin light scattering experiments, together with micromagnetic 
simulations and an modified analytical theory, were used to investigate the spin 
dynamics of a 20 nm-thick ferromagnetic, Ni80Fe20 oval-shaped ring. 
 
Firstly, Brillouin light scattering the reference Ni80Fe20 film was measured. Based 
on the theory of spin waves on a thin film, a fit of the observed mode frequencies 
was performed which yielded the required magnetic parameters of the permalloy 
material: gyromagnetic ratio, γ =185.2 GHz/T
A = -126.614×10 J/m
, saturation magnetization, 
 and exchange stiffness parameter, . 0M = 786.7×103 A/m
 
We have successfully, by using numerical calculations, BLS and in using a 
simple modified thin film analytical formula, studied the five DE modes that exist 
in an elongated Ni80Fe20 nanoring. The experimental data and the numerical 
results agree well. Using the analytical formula, we showed that the modes are 
dispersionless in nature, indicating that these are standing-wave-like DE modes 
arising from lateral confinement. A fitting was done, revealing that one can 
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characterize this elongated ring with a value of w =eff 440 nm
≥ 0.2 T
demagH
0H < 0.2 T
. Qualitatively, in 
region , the analytical formula agrees well with both the numerical 
results and experimental data. 
0H
 
The shortcoming of the modified analytical theory is attributed to the fact that the 
formula itself is an approximate one. Thus many other factors which are just as 
crucial may have been omitted or oversimplified, for example the use of an 
average . More studies are needed to investigate the discrepancy that 
exists in the region . 
 
5.2 Possible Future Studies 
(1) To carry further studies on the nanoring, by using the parameters obtained, 
such as its flux-closed vortex state. 
(2) To study similar nanostructures of a smaller size to detect interesting 
features such as the edge modes. Given the large size of our ring, its 
theoretical edge mode frequencies tend be so close that experimentally, it 
is hard to observe and distinguish them apart. However for smaller sized 
structure, such as a rectangular frame of exterior dimension 250 nm by 
200 nm, preliminary simulations have shown that edge modes exist and 
their first few lowest frequencies are far and apart, which experimentally 





A. Non-reciprocal property of surface spin waves 
 
From the equations obtained in (3.12)s and (3.15) in Chapter 3, we can rewrite 
(3.15) in the form : 
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η θ ϕ= = =  and ϕ  is the angle made between the magnetization 
and the surface spin wave propagation direction. For a thick film, where d  is of 
significance, any light penetration is effectively attenuated to zero, we use the 
semi-infinite approximation that  (note the ’s point of zero reference here 
is its surface, while in Chapter 3, for the thin film approximation, the d’s reference 
zero is in the middle of the thin film), such that 
d → ∞ d
( )cot . 
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There is a limit to the range of values for which ϕ  can assume in the yz plane 
(see following Fig. A1). In fact Eq. (A1) only holds for c cϕ < ϕ ϕ< −D180
c
, where 














where the ± sign above corresponds to the two directions of propagation on 
opposite surfaces of the film, thus the propagation on each surface will contribute 
to the Stokes or anti-Stokes respectively. Even though each surface of the film 
will contribute a Stokes (or anti-Stokes), in the case of a thick film, the peak due 
to light scattering on the back surface of the film will not appear in our spectrum 
as the signal (the scattered light) will undergo large attenuation and disappear 
altogether before it gets to the front surface. 
z
  
Fig. A1. yz plane showing the possible direction of propagation of the surface spin wave, K
. 
 
No surface magnon modes exist outside the range,. The surface modes are 







( ) ( )S Sk kω ω≠ −& &K K
k&
K
, as can be seen from the Fig. A1, no surface magnon is 
possible when  is reversed. 
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B. Perpendicular Standing Spin Wave (PSSW) 
 
The effect of exchange (For more detail please refer to Ref. Error! Bookmark 
not defined. in Chapter 3) which is a dominant effect on the PSSW, is now 
discussed in addition to the dipole-dipole interaction discussed in the Chapter 3. 
Again, we shall make use of the magnetostatic equations: 
0




∇ + =  K Ki
and the equation of motion of magnetization (see Ref. Error! Bookmark not 
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,  (B1) 







defining ϕ= ∇K  and letting 
4π
Ξ⎛ ⎞
Hθ = Ω −
( )
∇⎜ ⎟⎝ ⎠









.  (B2) 
Outside the sample, . ϕ∇2
The characteristic solutions are 
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  (B3) 
Similarly, the dynamic components of the magnetisation mK  and applied magnetic 
field  can be written in a similar manner. The constants a b  are 
determined by the boundary conditions. 




Having done this, we would arrive at the following equation: 
( ), 1 1 0x l zkΩ − Ω − Ω − Ω =& &2 2 2 2 2k k+ ,  (B4) 
where ( )1 H lk2 2
= 0
kπ
ΞΩ = Ω + +&4 . 
 
For , zk














x xk ik=3 1. 
The second root which is actually independent of the exchange parameter 
corresponds to the same surface wave as discussed earlier in the magnetostatic 
case. The first root provides a bulk wave relation while the third root has yet to 
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find itself an analog in the theory (See Ref. Error! Bookmark not defined. in 
Chapter 3). 
 
Rewriting the solutions obtained, we find that, for bulk wave: 
( )( )0 0y xB H Dk Dk Hω γ= + +2 2 0y xDk Dk Mπ⎡ ⎤+ + +⎣ ⎦
1









π=1  for and the surface wave frequency,n ∈] sω , remains unchanged. 
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C. Determination of the magnetic parameters1 
A series of spectra of the Ni80Fe20  film, each at different magnetic field strength, 
were collected from H = 0.9 to 0.05 T. The acquisition of a typical spectrum 
took about 2 hours. 
app











F requency (G H z)
 Fig. C1. Brillouin spectrum of Ni80Fe20 film recorded at = 0.2 T 
Rayleigh peak 






The FSR used in the experiment was 80 GHz. The spectra were fitted using 
Lorentzian functions as shown in red in Fig. C1. The pairs of Stokes and anti-
Stokes peaks occur at frequencies which are the same. The lower-energy pair of 
peaks has markedly different intensities while the other pair has almost 
comparable intensities. 
 
Owing to the non-reciprocal property, a surface wave with propagation -  on the 
front surface will imply that k
K
 does not exist on this surface and vice versa, 
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depending on the magnetic field applied. Yet from the spectra of our thin film 











Fig. C2. Scattering geometry depicting the non-reciprocal property of surface spin waves 
 
This observation is possible since the thickness of the film is of the order of the 
attenuation length of the surface mode. There is enough light penetration 
reaching the back surface of the thin film, interacting with a k surface wave. 
Since the light source undergoes attenuation after its interaction with the 
surface wave, the intensity produced due to this will be much lower than that 
from the top surface. 




















Two different sets of experiments were performed. In the first set of experiments, 
we fixed the value of ( )k ≠&K 0
θ = D45
appH app
. This was achieved by fixing the incident angle 
. Different spectra were obtained by changing the applied magnetic field 
. Representative spectra measured at various H  values are shown in Fig. 
C3. 
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Fig. C3. Spectra of Ni80Fe20 film measured at various magnetic fields with incident angle 
fixed at 45° 
 
In the other set of experiments, spectra were recorded over a range of θ  but at a 
fixed . Figure C4 shows some of the spectra measured. The variation of the 




 is presented in Fig. C5. The red dots (•) and blue 
squares (■) represent the measured data for the respective surface and bulk spin 
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waves. We performed the k&
K
-dependence experiment twice, once 
with , the other with H =app 0.6 T H =app 0.9 T . 
- 6 0 - 0 4 0 6 04 0 - 2 0 2 0
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Fig. C4. Spectra of Ni80Fe20 film measured at various incident angles with  
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Fig. C5. dependence of spin waves at H =app 0.9 T  for the Ni80Fe20 film 
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Fitting and determination of the parameters 
In the theory discussed in Chapter 3, the spin wave frequency ω , is a function of 
the magnetic parameters, γ , 0M , , as well as H ,A app k&
K
 and film thickness d . 
That is  
( )0 , , , , ,appM A H k dω ω γ= &K  (C1). 
The first three parameters characterize the intrinsic magnetic properties of the 
permalloy material of the film. In the first set of experiments,  is varied in the 
range , while 
appH
 THap0.05 T ≤ ≤p 0.9 k&
K
 is kept constant. In the second set of 
experiments, the wavevector is varied in the range k≤ ≤&
K-1 4 -1 cm 15.7×10  cm0  
while  is kept constant. The parameters are determined from a least square 




-dependence of the magnon 
frequency with Eqs (3.17) and (B5). This is done by minimizing the residual 
, where  and  are the respective theoretical and 
experimental spin wave frequencies and 










In Fig. C6, the red dots (•) show a plot of all the surface spin wave mode 
observed experimentally in the BLS, likewise the blue squares (■) show that of 
the bulk spin wave, for the case of n = 1. No bulk spin waves of other n  values 
were observed in both sets of experiments. 
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The corresponding red line and blue line, both in Figs. C5 and C6 are obtained 
by carrying out a simultaneous fit using the two formulae. 
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A p p l i e d  M a g n e t i c  F i e l d  H ( T )
 
Fig. C6. Magnetic field dependence of the magnon mode frequencies observed from the 
reference thin film 
 
The fitting, yielded the following parameters: γ = 185.2 GHz/T
0M
, 
 and . = 786.7×103 A/m A = 6. -12614×10 J/m
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D. Some possible error sources 
 
In the k  dependence (angle dependence) experiment, sample orientation 
contributes to about 0.9% error equivalent to an uncertainty of about 0.88 GHz. 
&
K
                                                
 
Spectral fitting contributed a maximum error of 0.08 GHz. Determination of the 
FSR contributed an error of 0.04 % (which is about 0.02 GHz). 
 
In addition, the value of the magnetic field was measured to a precision of about 
1.1 %, which amounts to 0.03 GHz in error. 
 




1 C.G Tan, NUS, Hons year thesis, (2006) 
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